Introduction {#sec1}
============

When the contrast of an apparent motion stimulus (phi stimulus) is flipped periodically, the perceived direction of displacement reverses. This perceptual illusion is referred to as a reverse-phi percept ([@bib3]; [@bib4]; [@bib5]). Reverse-phi stimuli have been used to investigate neural mechanisms of visual processing in a wide variety of animals such as monkeys, cats, wallabies, beetles, fruit flies, and zebrafish ([@bib15]; [@bib22]; [@bib29]; [@bib33]; [@bib36]; [@bib38]; [@bib46]; [@bib58]).

The why and how of reverse-phi motion have been the topics of much debate. Crucial to any explanation of the phenomenon is the detection of motion and correlations across different contrasts. Classical approaches attribute the effect to contrast reversals that shift Fourier energy to the opposite direction, which is picked up by a motion detector tuned to that opposite direction ([@bib1]; [@bib36]; [@bib59]). Other explanations are based on spatiotemporal correlations between positive and negative contrasts carried by the ON and OFF channels of the visual system, which diverge as early as the level of retinal bipolar cells ([@bib8]; [@bib18]; [@bib42]; [@bib52]; [@bib63]). Recent fly studies using contemporary techniques demonstrate there is still no consensus about the mechanisms underlying the phenomenon ([@bib37]; [@bib50]).

Studies by [@bib42] and [@bib9] proposed models for motion detection that combine inputs from both ON and OFF cells to generate direction selectivity; however, the models offer opposing explanations of the apparent reversal seen in reverse-phi stimuli. The motion detectors proposed by [@bib42] are excited by phi stimuli in one direction as well as by reverse-phi stimuli in the opposite direction. The Bours--Lankheet model, however, proposes excitation of motion detectors by phi stimuli and inhibition by reverse-phi stimuli in the same direction. This prediction was investigated by [@bib18], who measured directional tuning curves of neurons in primary visual and middle temporal cortex areas of awake behaving macaques and claimed some evidence to support the Bours--Lankheet "counterevidence" model.

Although mice have much poorer visual acuity than primates, their visual systems bear relevant similarities. Both animals perceive motion stimuli ([@bib31]; [@bib44]; [@bib48]; [@bib61]), and they both have separate ON and OFF channels that appear to share evolutionary preserved pathways ([@bib12]; [@bib21]; [@bib24]; [@bib25]; [@bib32]; [@bib40]; [@bib49]; [@bib60]). Furthermore, a wide variety of techniques are applicable to mice that allow for relating neuronal function in retina and visual cortex to visually driven behavior, such as genetically encoded calcium current and voltage indicators ([@bib2]; [@bib6]; [@bib13]; [@bib35]; [@bib41]; [@bib57]), designer receptors activated by designer drugs ([@bib55]; [@bib64]), and optogenetics ([@bib23]; [@bib27]; [@bib47]; [@bib65]).

Taken together, this could make the mouse an excellent animal model to further study how the ON and OFF pathways interact to give rise to the reverse-phi phenomenon. As a first step, we developed a behavioral experiment to investigate responses of mice to phi and reverse-phi stimuli. We positioned mice head-fixed on a spherical, two-dimensional treadmill and projected randomly positioned black and white dots on a spherical screen surrounding the animal ([@bib28]; [@bib30]; [@bib34]; [@bib53]). We measured the opto-locomotor reflex (OLR) ([@bib34]) in response to phi and reverse-phi stimuli to the left and right by recording the rotation of the treadmill along the vertical axis.

Methods {#sec2}
=======

Animals {#sec2-1}
-------

We used nine male C57BL/6J mice in this experiment. C57BL/6J mice are often used in behavioral studies of mouse vision because their visual acuity and performance are among the best of commonly used strains ([@bib66]; [@bib67]). The starting weights of all animals were then determined (23.2 ± 2.6 g). To maintain a weight between 85% and 95% of their starting weight, the animals received 2.2 g of food per day. Food was increased or decreased if animals fell outside the thresholds. All mice were kept in a well-ventilated, temperature-controlled room (21 ± 2°C) with a 12/12-hour light/dark cycle. All experiments were conducted in compliance with Dutch and European laws and regulations and were approved by the animal ethical committee of Radboud University Nijmegen. All experiments adhered to the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research.

Surgery {#sec2-2}
-------

Anesthesia was induced and maintained via a nose cone during surgery (4% isoflurane in oxygen at induction, 1.0%--1.5% during surgery). After the animals were anesthetized, they were placed in a stereotact and their eyes covered in sterile ocular lube (Puralube; Dechra, Northwich, UK) to prevent eye dehydration. Next, the head of the animal was shaved and the skin on top of the head was removed using fine scissors. A local anesthetic compound (1 mg/ml lidocaine hydrochloride with 0.25 mg/ml bupivacaine) was applied to the exposed periosteum, and the skull was cleaned thoroughly with a bone scraper. Dental cement (SuperBond C&B; Sun Medical, Rising Sun, IN) was used to fix a custom-made titanium head plate to the skull. This head plate allowed fixation of the head during the experiments.

Habituation {#sec2-3}
-----------

The mice were handled and head-fixed in the set-up for 10 minutes after 1 week of recovery from the surgery. The duration of this exposure to the set-up increased gradually over the following 5 days to two sessions of 40 minutes each per day. Animals were running spontaneously during large parts of a session, requiring no reward; therefore, no specific training beyond general habituation to the set-up was required.

Visual stimulation {#sec2-4}
------------------

Stimuli consisted of white dots (0.78 cd/m^2^) and black dots (0.24 cd/m^2^) with a radius of 1.4° on a mid-gray background (0.51 cd/m^2^). We used an Optoma X501 (New Taipei City, Taiwan) video projector (resolution: 1920 × 1080 at 60 Hz) to project the stimuli, via a quarter-spherical mirror, onto the inside of a dome made of fiberglass-reinforced resin (Fibresports UK, Basildon, UK) with an inner diameter of 112 cm ([Figure 1](#fig1){ref-type="fig"}a). We placed the mouse on a treadmill consisting of a Styrofoam ball floating on air in a custom-made socket (University College London workshops) at the center of this dome. The display area covered 220° of visual angle horizontally and from 10° below the mouse to 80° above it vertically (for details, see [@bib34]).

![(a) Schematic drawing of the set-up. A projector (P) displayed patterns of randomly positioned dots via a mirror (M) onto the inside of a dome (D). Mice ran under head-fixed conditions on a Styrofoam ball (SB) floating on air. (b) Schematic of the stimulus and timing (see Visual stimulation section for details).](jovi-20-2-7-f001){#fig1}

The motion stimuli were based on the single-step dot lifetime (SSDL) paradigm ([@bib43]), with randomly positioned dots making a single horizontal displacement and then being randomly repositioned in the display area. Each frame contained 1000 dots, half of which were newly created and half of which were displaced dots. For phi stimuli, the dots maintained their luminance polarity (white or black) during displacement, whereas in reverse-phi stimuli the polarity of the dots reversed. The use of SSDL is crucial for clean reverse-phi stimulation. If the dots were instead to move for multiple steps while flipping their contrast polarity, every two-back step would be a regular phi-motion correlation. Similar stimuli have been used before ([@bib9], [@bib8]; [@bib10]; [@bib18]).

Trials started with the displacement parameter set to zero, resulting in a flickering display with no net direction. After either 1 or 2 seconds, the dots started moving with single steps to the left or right for 2 seconds, followed by another stationary flickering period of 1 second ([Figure 1](#fig1){ref-type="fig"}b). The 1- or 2-second durations of the initial static phase were randomly interleaved to reduce the animal\'s ability to anticipate motion onset.

We created displacements by incrementing (or decrementing) the azimuths of the dots at each 17-ms video frame, resulting in a rotation around the vertical axis, or yaw. We varied the temporal interval from 1 to 7 times the frame duration of the video frame (17--117 ms) while adjusting the displacement size (0.6°--4.2°) to maintain a speed of always 36°/s. The resulting 56 conditions (seven temporal intervals, two onset delays, phi/reverse-phi, left/right) were randomly interleaved and repeated three times per session. Each mouse completed at least 32 sessions.

Recording and data analysis {#sec2-5}
---------------------------

The two-dimensional treadmill consisted of a Styrofoam ball (diameter 19.7 cm, mass 48.5 g) that was floating on pressurized air in a semi-spherical socket ([@bib17]), adapted from insect studies ([@bib16]; [@bib39]; [@bib56]). We used two optical computer mice to register the yaw and pitch of the ball (°/s) with a sampling rate of 60 Hz. Yaw is a proxy for the OLR because it is the axis of rotation of the visual stimulus. For each trial, we defined the mean OLR measured during the 500-ms period before motion onset as the baseline and subtracted it from the OLR-over-time trace. Because OLR could only be effectively measured as a deviation from forward locomotion, we excluded those trials in which the mice were sitting still by requiring a mean forward speed of at least 1 cm/s over the course of the trial. In further analysis, we required a minimum of 100 trials per condition per mouse. To smooth the OLR traces, we applied cubic splines using the csaps function of MATLAB.

Results {#sec3}
=======

We measured the reflexive OLR to phi and reverse-phi single-step dot lifetime stimuli in nine mice. [Figure 2](#fig2){ref-type="fig"}a shows the mean and *SEM* of 129 OLRs in response to phi motion to the left (blue line) and 122 OLRs in response to phi motion to the right (red line) of one example mouse. The temporal interval here was 67 ms. In our experiment, a positive stimulus speed corresponds to leftward displacement; therefore, [Figure 2](#fig2){ref-type="fig"}a shows that the mouse responded by attempting to turn in the same direction as the dots, as reported previously for unlimited lifetime stimuli ([@bib34]). To test for differences between the blue and red OLRs, we averaged each trace over the interval from 1 to 2 seconds after stimulus onset and performed a one-sided, two-sample *t*-test where (*t*(249) = --2.55; *p* = 0.006). For reverse-phi stimuli the mouse responded with OLRs opposite to the direction of the moving patterns, as shown in [Figure 2](#fig2){ref-type="fig"}b (*t*(254) = 1.87; *p* = 0.031). This reversal is consistent with the human percept of reverse-phi stimuli and indicates that this mouse also experiences this motion illusion.

![Comparison of OLR to phi and reverse-phi stimuli. (a) The mean opto-locomotor reflex over time for one mouse showing a typical OLR to rightward (red solid line) or leftward (blue solid line) phi stimuli. (b) Mean OLR for the same mouse to rightward (red dashed line) or leftward (blue dashed line) reverse-phi stimuli. The temporal interval in this example was 67 ms. Shaded bounds represent the *SEM*, asterisks indicate significant differences among OLRs (one-sided, two-sample *t*-test; ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01).](jovi-20-2-7-f002){#fig2}

[Figure 3](#fig3){ref-type="fig"} shows the variation within the population of all mice (*N* = 9) we recorded. We pooled the OLRs to leftward and rightward stimuli (red and blue curves in [Figure 2](#fig2){ref-type="fig"}) by taking the difference between them and dividing by two. We found that two animals from our pool, mouse 5 and mouse 7, did not respond in agreement with the behavior of the other animals. The opposite behavior of those two mice seemed consistent over frame durations; however, it should be noted that the OLRs of these two animals, together with those of mouse 4, are based on a duration condition of fewer than 100 trials per frame for both reverse-phi and phi stimuli, unlike the other animals.

![Pooled mean OLRs per animal to phi stimuli (solid line) and reverse-phi stimuli (dashed line) for frame duration of 33 ms. Shaded bounds represent the *SEM*.](jovi-20-2-7-f003){#fig3}

We further explored the effect of temporal delay on the OLR by varying the frame duration from 17 to 117 ms in steps of 17 ms while maintaining the speed of displacement at 36°/s. [Figure 4](#fig4){ref-type="fig"}a shows the average response of six mice over time, excluding the three mice from the population that were left with fewer than 100 trials per frame duration condition for both reverse-phi (dashed lines) and phi stimuli (solid lines). We found significant divergence in the interval from 1 to 2 seconds after motion onset for the conditions with a delay of 17 ms (*t*(5) = 7.76; *p* \< 0.001), 33 ms (*t*(5) = 5.99; *p* \< 0.001), or 83 ms (*t*(5) = 2.43; *p* \< 0.05) ([Figure 4](#fig4){ref-type="fig"}a). In [Figure 4](#fig4){ref-type="fig"}b, the pooled OLR is summarized as the mean between 1 and 2 seconds after motion onset. A frame duration of 33 ms resulted in the largest difference between responses to the phi and reverse-phi stimuli.

![Effect of phi and reverse-phi stimuli on mice OLRs for different delays. (a) The mean opto-locomotor reflex over time of all animals (*n* = 6) to phi stimuli (solid line) and reverse-phi stimuli (dashed line) for seven different frame durations, pooled for leftward and rightward stimulus motion. Shaded bounds represent the *SEM*. (b) Mean OLR was summarized with a single number by taking the mean between 1 and 2 seconds after motion onset. Plotted for every frame duration is the pooled OLR to leftward and rightward motion for phi (solid line) and reverse-phi (dashed line) stimuli for all animals (*n* = 6). Error bars represent the *SEM*. Asterisks indicate significance levels of divergence (^\*^*p* \< 0.05, ^\*\*\*^*p* \< 0.001; see main text for details).](jovi-20-2-7-f004){#fig4}

Discussion {#sec4}
==========

Here we measured OLRs using our previously described head-fixed paradigm ([@bib34]) to investigate whether mice perceive reverse-phi stimuli. Mice respond to changes in direction for phi stimuli and reverse-phi stimuli in opposite ways. Displacement of dot patterns in phi stimuli caused mice to reflexively compensate and adjust their running direction to the direction of the moving pattern. For the reverse-phi stimulus, however, mice responded by turning in the opposite direction to the dot displacement. This behavior is consistent with how human observers perceive phi and reverse-phi stimuli and is in accordance with psychophysical and neurophysiological findings from previous studies on reverse phi in other animals and humans ([@bib8]; [@bib15]; [@bib22]; [@bib29]; [@bib33]; [@bib36]; [@bib38]; [@bib46]; [@bib58]).

Our results show that the responses of mice are variable. First of all, the magnitude of the OLRs to phi and reverse-phi stimuli is considerably smaller than that for the OLRs we observed to unlimited lifetime motion stimuli we used in previous work ([@bib34]). In the present study, the mean OLR peaks at about 15°/s with our most optimal parameter settings for perception of motion reversal, whereas our previous work reported a peak amplitude of about 30°/s. Although most parameters such as speed, contrast, and dot size were identical in these studies, an important difference was the use of single-step as opposed to unlimited lifetime for the dots, which is necessary for clean reverse-phi stimuli ([@bib9]). Shortened dot lifetime has a negative effect on the signal-to-noise ratio of OLRs because more noise is present in the stimulus, which results in less motion energy in one direction ([@bib26]). Two of the mice in our population showed other behavior with oppositely directed OLRs ([Figure 3](#fig3){ref-type="fig"}), which might be a result of this stimulus noise or because the number of successfully completed trials was less than for the other mice. It is also possible that the signal-to-noise ratio is different in these mice, as not all C57BL/6J mice have a fully functioning visual system. However, it is also possible that these two mice really have oppositely directed OLRs, and the underlying reason for this opposite behavior is unclear.

We demonstrated a dependency of the OLR reversal effect on step interval. We found that the difference between the response to phi and reverse-phi stimuli is largest at a temporal interval of 33 ms. This is on the same order of magnitude as the slower delay filters mentioned in earlier studies in flies ([@bib11]; [@bib20]; [@bib54]). A more recent fly study, however, showed maximal responses around a delay of 17 ms in both behavioral and neural measurements ([@bib51]). It is important to note that results of these experiments might be specific for the chosen stimulus conditions. It has been shown in human psychophysical studies that perception of reverse-phi motion depends on many factors, such as stimulus eccentricity, spatial proximity, contrast, and spatial and temporal frequency (e.g., [@bib5]; [@bib7]; [@bib8]; [@bib14]; [@bib19]; [@bib45]; [@bib62]). Therefore, changes in our parameters such as dot size, step size, and stimulus speed could very well affect our finding.

Although the mean pooled OLR to reverse-phi was largest at a delay of 17 ms, the OLR to phi stimuli was almost entirely abolished at this delay. Why would the difference between phi and reverse-phi OLRs be so different at this step time? It should be noted that, to keep the dot speed always at 36°/s, the displacement from the first instance of the dot to the second was only 0.6°, or 1/5 of the dot diameter. Our data suggest that this was too small for the mouse to detect in the phi condition. In the reverse-phi condition, however, because the first and second instances are of opposite contrast polarity and displayed only briefly and in rapid succession, the overlapping parts in effect cancel each other and blend into the mid-gray background. We speculate that the strong response to the reverse-phi stimulus in this condition is driven by the black and white slivers visible at either side of this canceled-out region.
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